This paper describes how Virtual Enterprises (VEs) can be modelled using the AGORA multi-agent architecture, designed for modelling and supporting cooperative work among distributed entities. The model consists of a structure of Agoras and agents, where Agoras are facilitators of cooperative work for agents and the agents represent the partners of the VE, the cooperative mechanisms and the service providers. The distributed and goal-oriented nature of the VE provides a strong motivation for the use of agents to model VEs. The main advantages of this approach are that the structure of Agoras provides a homogeneous modelling environment throughout the lifecycle of the VE, traceability of the VE activities and a history of the VE. In addition to these, it is important to point out that, agents being computational entities, the resulting model provides an easy and efficient passage from the model to the computational support that is required by the VE.
INTRODUCTION
Virtual Enterprises (VEs) have recently received increasing attention. Due to the advancement of distributed information technology and the changing needs of the business community, enterprises are expected to be more agile and responsive. The concept of a VE is a means of meeting these new expectations. Although a universally accepted definition of the term is still missing, there have been several attempts at defining VEs from different areas of application. Some of these are listed below:
• A temporary network of independent companies who are linked using information technology (Jagdev and Browne, 1998 ).
• A corporation that is able to gather and integrate a massive flow of information throughout its organisational components and intelligently act upon that information (Davidow and Malone, 1992 ).
• A temporary, cooperative network that is formed by independent, autonomous companies to exploit a particular market opportunity (Fischer et. al, 1996; Ruβ and Vierke, 1998; Clements et. al., 1997) .
• An enterprise that is mostly made of functions provided by other enterprises and relies heavily on the use of standards, computer communications and electronic data interchange (Vernadat, 1996) .
• An amorphous entity which is a combination of different companies or individuals that have been combined to complete specific projects or business propositions and development (Lawrence, 1998) .
While all these definitions address their particular area of interest, there are some common aspects in these definitions. We have reviewed these to come up with our working definition of a VE, which is as follows: A goal-oriented constellation of (semi) 
autonomous distributed entities. Each entity, which can be an organisation and/or an individual, attempts to maximise its own profits as well as contribute to defining and achieving the overall goals of the VE. VEs are not rigid organisational structures within rigid frameworks, but rather (heterogeneous) ensembles, continuously evolving over time.
Enterprise modelling has been used to understand and represent traditional enterprises and their behaviours (Vernadat, 1996; Fox and Gruninger, 1998) . While enterprise modelling plays a significant role in traditional enterprises, its role becomes even more important in VEs. Unlike traditional enterprises that are established and continue to exist over a long period of time, VEs are established to answer more contingent needs and can have a shorter span of life. Due to the dynamic and flexible nature of VEs, there is a greater need to build models to help understand them and their evolution.
The agile and virtual nature of enterprises entails a greater degree of cooperation (Fox and Gruninger, 1998 ). This cooperation is required both to perform work and to adapt the constellation to the varying needs of the environment. The goal-oriented and distributed nature of VEs implies that there is no central control; rather, the control is decentralised. The goals are achieved through complex and varied interactions. Enterprise models provide the support that is required in the analysis of VEs and the interactions within a VE and they are powerful tools for analysing and understanding the flexible nature of VEs.
The entities that constitute the VE are the partners, who play different roles, and the customer(s).
(For example, in a simple manufacturing scenario, the partners can be the supplier and the manufacturer.) In addition to this, the VE will include information sources, such as documents and reports, and supporting software tools. As the partners of the VE are distributed, 1 they require some kind of support for their cooperative work. This is achieved by sharing of common goals and knowledge, which can be supported by tools that support collaboration. To deal with the dynamics of the cooperative work context, the partners will need to renegotiate their goals and activities from time to time. Also, as the partners represent different organisations, the information sources are most likely to be distributed and heterogeneous.
The remainder of this paper is organised as follows; Section 2 describes how a VE can be modelled using agents; Section 3 describes the lifecycle of a VE; Section 4 describes the basic design principles of AGORA; Section 5 describes how AGORA can be used to model the VE; Section 6 contains a brief overview of related work and Section 7 provides a summary and describes the issues that need to be addressed in the future.
USING AGENTS FOR MODELLING VIRTUAL ENTERPRISES
1 Distribution in this context refers to the distribution of competencies among the partners of a VE. We refer to the description of the term from CSCW (Computer Supported Cooperative Work). See (Schmidt & Bannon 92) .
There have been attempts at modelling enterprises using computational techniques. An example of this can be seen in (Bernus and Nemes, 1999) , where they model an organisation as a set of individual, autonomous, cooperative agents maintaining a set of objectives, where the behaviour of the entire organisation is an emergent property. Similarly, in our work, we have considered agents as the basic concept for modelling VEs. An agent can be defined as a hardware or software-based computer system that is autonomous, reacts to changes in its environment in a timely fashion, is proactive by taking initiative and by exhibiting goal-oriented behaviour and it has social ability to interact and communicate with other artificial and human agents (Wooldridge and Jennings, 1995) .
Based on the properties of VEs described earlier in this article, there is a strong motivation to use agents as the solution technology for modelling and realising VEs. The nature of agents, by definition, enable decentralised control of the enterprise, which is desirable in a dynamic and flexible environment, and the behaviour of the complete enterprise emerges as a result of the behaviours of the individual agents.
Another strong point in favour of the adoption of agents is their versatility. They can play two main roles. First, they provide a flexible means of modelling the VE in terms of cooperative work among the agents. Second, they can be used to provide active support to the members of the VE.
Thus, agents being computational entities, the resulting model provides an easy and efficient passage to the computational support that is required by VEs. In this paper, we will focus on the first aspect.
To set up an integrated environment for the partners of a VE to cooperate, it takes time and effort and often this may be too long for the short lifecycle of a VE. Therefore, it is important to provide an integrated, homogeneous environment that can be easily set up. We propose the specialisation of a multi-agent architecture, AGORA, for modelling VEs. AGORA is an architecture that supports a flexible, conceptual method for modelling cooperative work in a distributed setting (Matskin et. al., 1998; Matskin, 1999) . Given the goal-oriented and distributed nature of a VE, the interactions that take place within it are, by nature, cooperative. We therefore assume that an architecture providing support for cooperative work (in its multi-facet forms) provides a proper starting point for modelling
VEs. In the proposed architecture, the cooperating entities within a VE, (e.g. the partners), are represented by agents. In addition to being a facilitator of cooperative work, AGORA also provides a homogeneous modelling environment throughout the lifecycle of the VE. Due to the distributed nature of VEs, a modelling environment that supports distribution as well as one that is versatile enough to support a model of the VE throughout its complete lifecycle is essential.
THE LIFECYCLE OF VIRTUAL ENTERPRISES
In a VE, the customer(s) presents his/her requirements and the VE is then responsible for delivering to the customer. This process can include the formation of the VE (or rather its evolution to meet the requirements of the customer) and its operation. In fact, this process will involve the complete lifecycle of the VE itself. Hence, we believe that an important step forward can be achieved by looking at the complete lifecycle of a VE and by providing a homogeneous modelling environment, from its conception to its completion. In order to reach this goal, solutions proposed in the research field of enterprise modelling could prove to be extremely useful.
There are several approaches for modelling enterprises, although none of them were specifically designed for VEs. Some of the earlier approaches include diagramming techniques such as SADT and the IDEF languages. Other approaches include GRAI/GIM, which essentially concentrates on the decision-making aspects of an enterprise; CIMOSA which supports the integration of enterprise operations; and PERA (Purdue Enterprise Reference Architecture) which describes the functions or tasks of an enterprise in terms of management and control and customer services. For an overview of modelling approaches, see (Vernadat, 1996; Fox and Gruninger, 1998) .
We have found in the Generic Enterprise Reference Architecture and Methodology (GERAM), (IFIP-IFAC Task Force, 1998), a useful framework for describing, in a coherent way, the lifecycle of an enterprise and for defining the associated support. Unlike the other approaches, GERAM focuses on the methods, models and tools which are needed to build an enterprise and addresses the complete lifecycle of an enterprise. It also allows the coverage of the lifecycle of an entity that is produced by the enterprise. The lifecycle aspect becomes increasingly important in the case of VEs as they have a shorter lifespan which can be defined more clearly. Also, the frequency at which a VE is established demands a good understanding of its lifecycle.
Let us consider the lifecycle of a VE using GERAM. The different phases are described briefly:
1. Identification Phase: the need for the VE is identified and the relations between the VE and its environment are defined.
2. Concept Phase: the concepts underlying the VE are defined, which includes the objectives, strategies, and business plans. This phase will provide input to the definition of the requirements and high-level business processes of the VE.
3. Requirement Phase: the descriptions of operational requirements of the VE are described in this phase. These include the functional, behavioural and the information requirements.
4. Design Phase: the VE is specified, which includes the identification of necessary information and resources. At the end of this phase, the functional, behavioural, resource and information requirements of the VE are defined.
5. Implementation Phase: the activities required to establish a VE, such as allocation of resources and development of the necessary services, are performed.
6. Operation Phase: the activities of the VE that fulfil its desired mission are defined. This includes obtaining the resources and developing the products.
7. Decommissioning Phase: the activities that are needed to redesign a VE at the end of its lifecycle are defined. This includes the disassembly of the VE, capturing and reuse of its knowledge.
The scenarios at each phase can be modelled by identifying the different roles that are performed by the partners and the cooperative work among the different roles. Then, the work that is conducted and the resources (e.g. information sources) that are required for the work are identified to define a work context. Such a scenario can be modelled using agents, where the partners are represented by agents. Agents could also be used to support the participants in their cooperative work and to establish a work context. Explicit tools are required for supporting the cooperative work in a VE.
Such a support is provided by AGORA, which is a multi-agent architecture designed to support cooperative work in a distributed setting as described in the next section.
A separate model of each phase shows fragments of the lifecycle of the VE and has limited value.
It is important to be able to model the scenarios at each of the phases of the lifecycle in a uniform manner as well as support an integrated model of all the phases, where the relationships among the different phases and the evolution of the VE can be followed. Such a model can be provided by AGORA.
A DESCRIPTION OF AGORA
The AGORA multi-agent architecture is designed to support cooperative work in a distributed setting. The central concept in this architecture is that of an Agora, which is both a place where agents can meet and establish a common context for cooperative work and a place where they can get support for a particular cooperative activity (Matskin et. al., 1998; Matskin, 1999) . Figure 1 describes the different entities that comprise the AGORA architecture.
Several types of agents are associated to an Agora. A first distinction can be made between default and registered agents. Default agents, collectively identified as Agora Manager, are associated by default to each Agora at its creation. They include an information agent to manage the information about agents that are registered at an Agora; a planner agent to coordinate the activities within the Agora; and support agents to perform services such as matchmaking and the definition of ontologies. Registered agents can be categorised as follows:
• Participants -agents representing the participants of the cooperative effort. In the case of VEs, for example, these are the agents that represent the partners and the roles that they play.
• Cooperative mechanisms -specific agents that support cooperative work among the participants 2 .
In AGORA, coordination and negotiation agents are considered.
• Service agents -agents that provide services such as access to information sources and tools. For example, an agent that is registered at an Agora may require a certain information source, such as a document, in order to conduct its work. A specialised service agent can obtain the document for the agent. In our current implementation, we do not make a distinction between participants and service agents; service agents play the role of participants representing information sources.
These agents register at an Agora by submitting their name and address, their interests, competencies, goals and any other information that is relevant. The registration process can be customised depending on the application area. A new Agora can be created from an existing Agora and agents can register at any time and at several Agoras at the same time. 
MODELLING VIRTUAL ENTERPRISES USING AGORA
The components of the AGORA multi-agent architecture can be mapped to VEs as follows:
• The partners of the VE are represented by agents (as participants of the cooperative effort).
• The cooperative points are represented by Agoras.
• The cooperative work, such as coordination, is supported by cooperative mechanisms.
• The work context, such as information sources and software, are represented by service agents.
A VE can be initiated by creating a VE Agora. This can be done by the customer(s) or the initiator(s) of the VE. Once the Agora is created, the agents representing the customer(s) or the initiator(s) can be registered.
Each phase in the lifecycle of a VE can be identified as a cooperative point and corresponds to an Agora. In order to provide a local context, a new Agora can be created for each phase, where the set of Agoras thus created constitutes a structure of Agoras and agents. This structure represents the complete VE. In order to describe how the AGORA multi-agent architecture can be used to model the different phases in the lifecycle of a VE, we have modelled the Requirement and Implementation phases. These phases have been chosen as they contain the different kinds of cooperative work that are present throughout the lifecycle. For the purpose of illustration, the scenarios described below are simplified.
The Requirement phase of a VE
The main roles in the Requirement phase of the VE are the customer, the initiator(s) of the VE (which can also be the customer) and one or more partners that are interested in forming the VE.
These parties interact to specify the customer requirements and to define the operational requirements of the VE. This involves coordination of activities and negotiation to arrive at an agreement. In addition, there may be a need for information access and searching (e.g. if the customer requirements are available on an electronic file or the results of the Requirement phase are stored as a document or a model), which are supported by service agents. We can assume that a customer contacts the initiator (s) and the initiator(s) contacts other parties that are interested. There will be coordination and negotiation between the customer and the initiator(s) as well as among the interested partners.
The roles and interactions described above can be modelled using Agoras and agents as shown in Figure 2 . A Requirement Agora is created to represent the Requirement phase of the VE. The customer and the interested partners who were registered at the VE Agora and the other associated
Agoras (e.g. Concept Agora) will be automatically accessible from the Requirement Agora. In addition to this, new partners are able to register their agents at the Agora at any time. For the partners to conduct their work in defining the operational requirements of the VE, they require some computational support, such as word processors and modelling tools, and some information sources such as documents. These entities are accessed by using service agents, such as information and tools agents, that are also registered at an Agora. and the initiator need to negotiate about the terms of their agreement, they can establish an Agora for this, "Agora Terms of agreement", and register at this Agora. Their negotiation is then supported by a negotiation agent, also registered at this Agora. Similarly, the negotiations between the initiator and an interested partner during the partner selection process is conducted via the Agoras, "Agora Selection Criteria", and negotiation agents. The interested partners (the initiator may also be an interested partner) coordinate their work by establishing "Agora Work coordination" and with the help of a coordination agent registered at this Agora.
The Implementation phase of a VE
The main roles that are cooperating in the Implementation phase are the customer and the potential partners (identified through the Requirement and Design phases). The initiator of the VE may be a potential partner. In this phase, the main interactions will be among the potential partners.
The interactions with the customer will be limited and will be more for clarification purposes rather than negotiations.
This phase involves the allocation of resources to the various activities of the VE. The activities of the VE and the resource requirements are available from the Design phase. These requirements are matched with the potential partners to form the VE. The terms of participation or cooperation among the VE participants are agreed upon by coordination and negotiation. This can involve sending out a proposal to all the potential partners and receiving offers, which can be handled by a coordination agent that has such a protocol embedded in it. One such protocol is the Contract Net Protocol (Davis and Smith, 1988) , where the coordination agent assumes the role of a manager and announces the required work to the potential contractors. The potential contractors then review the work and send bids to the manager, who will then evaluate the bids and allocate work. During the evaluation of the bids and the selection of a suitable contractor, it is common to negotiate the terms of the contract. A negotiation agent can be obtained to conduct this. In the implementation phase, one of the potential partners can assume the role of the manager and the others are the potential contractors.
An Implementation Agora can be created, where the customer, the potential partners, the information sources and the supporting tools are automatically accessible from the Implementation Agora. In addition to this, the cooperative mechanisms, such as the coordination and negotiation agents and the service agents are also accessible from this Agora. This means that the current work context is maintained. If new partners join the VE, they can be modelled by registering their agents at the Agora. Similarly, new service agents, such as a matchmaking agent, can be obtained from the Agora. The Implementation Agora can be expanded to represent the cooperative work, as shown in Figure 4 . The potential partner that assumes the role of the manager (as in the Contract Net Protocol)
will negotiate with the other potential partners to establish the terms of the partnership. This can be done by creating "Agora Terms of partnership" and registering at these Agoras. Negotiation and coordination agents that are registered at these Agoras can be used to support the cooperative work.
Similarly, when two or more potential partners need to coordinate some work, they establish "Agora
Work coordination" and register at this Agora. The coordination agent(s) registered at this Agora will support the cooperative work. 
Towards an Integrated Model
The complete lifecycle of the VE is modelled through a structure of Agoras, where one or more Agoras represent a phase in the lifecycle. For example, a VE Agora is created initially. From this, other Agoras can be created at any time to represent the cooperative work and the different phases of the lifecycle. In addition to being able to create a structure of Agoras and enhance this structure at any time during the lifecycle, the AGORA architecture also supports the maintenance of the work context from one Agora to another, enabling the continuation of the cooperative work. For example, when a new Agora is created from any Agora, the agents that are registered at that Agora, the cooperative mechanisms, the service agents, the information sources and the supporting tools are automatically accessible from the new Agora.
It is interesting to note how the role of one of the participants evolves with the evolution of the Agoras. For example, in the Requirement Agora, one of the participants is registered as an interested partner. During the Design phase, this participant may be identified as a potential partner and is therefore accessible from the Implementation Agora as a potential partner. The participant can be the same registered agent and represents the same human being or organisation. The relationships between the participant and the human being or organisation indicates this.
As can be seen from the scenarios described above, the relationships between the Agoras are varied. Agoras can be created from a VE Agora to represent the different phases in order to provide a local context for each phase of the lifecycle. A new Agora can be created from one phase to represent another phase, indicating the evolution of the Agoras. This indicates the cooperative work among the different phases. Each Agora can be expanded into several other Agoras to support the cooperative work. It is also possible that Agoras exchange information about the agents that are registered at them. In this paper, we have focused our efforts on modelling the phases of the lifecycle of the VE in a uniform manner. The different types of relationships that are possible among the Agoras will be a subject for our future work.
One of the main advantages of the integrated model is that the participants of the VE are able to maintain a local context, while, at the same time, they have a global overview of the activities of the VE. In addition to this, the AGORA architecture also provides the capabilities to develop a homogeneous modelling environment for the VE. The ability to develop an integrated model, with relationships among the cooperative work conducted throughout the lifecycle helps avoid disjointed, isolated pieces of work that are not easy to reuse. The complete model that is available at the end provides a traceable history of the lifecycle of the VE. The users also have the flexibility to choose their working methodology (e.g. sequential, concurrent), which is provided by the ability to create new Agoras at anytime, from any Agora.
RELATED WORK
Contributions in this area of work come from both the enterprise modelling community as well as the Distributed Artificial Intelligence community and can be analysed from different perspectives. In this paper, we have considered the use of agents as the paradigm for modelling VEs.
There have been attempts at modelling enterprises using computational techniques. Objectorientation and distributed object technologies have been used to support enterprises and business processes. Although these models have their strengths, such as modularity and encapsulation, objectbased modelling does not allow the encapsulation of the behaviour of the object and hence, does not have full control of its behaviour (Jennings and Wooldridge, 1998) .
The AVE (Agents in Virtual Enterprises) project, described in (Fischer et. al, 1996) , provides a description of how agents can be used in the formation of a VE. One of the main components of the system that was proposed is an electronic VE market, where different enterprises can announce and obtain various information. The individual organisations are represented by agents who exchange information through the VE market. An interesting aspect of the AVE project is their use of process models to define the processes and goals of the VE and to allocate the processes (or tasks) to the participants of the VE. Although this may be compared to an Agora, it does not explicitly address cooperative work.
In (Ambroszkiewicz et. al., 1998; Clements et. al., 1997; Szirbik, 1999) , mobile agents are used to model a VE. While mobility is a convenient feature, it provides a different technical solution rather than a conceptual one.
Multi-agent architectures have been used for coordinating, planning and scheduling supply chain activities, (Barbuceanu and Fox, 1994; Sadeh et. al., 1999) . For example, in (Barbuceanu and Fox, 1994) , an integrated supply chain was modelled using agents, where the different functions are performed by agents. The notion of an information agent was introduced as a component in an infrastructure for supporting collaborative work in enterprise architectures. The information agent makes other agents (may be from other organisations) aware of relevant information by providing communication and information services. The idea of such an agent can be used within the AGORA architecture as a special kind of a service agent. However, AGORA also provides other support. This work focussed on the functional aspects of the agents rather than the cooperative work that took place among them.
While the autonomy of an agent is desired, it is important to manage it to ensure that the enterprise does not behave arbitrarily. Jain et. al. proposes the notion of commitments as a means of managing the autonomy among agents that form a VE (Jain et. al., 1999) . In (Cloutier et. al., 1999) , NetMan, a commitment-oriented agent-based approach to managing coordination among a network of manufacturing enterprise was described. Although we believe that this is an important issue, it has not been addressed in AGORA yet.
Holonic manufacturing systems have been gaining popularity among the manufacturing enterprises, (Bussman, 1998; Bongaerts, 1995) . In comparison to traditional distributed information systems, holonic systems introduce the idea of goal-directed behaviour among the individual entities of the system. Holons are multi-agent systems, they form hierarchies of holons (holarchies) and are subject to control from holons that are higher in the holarchy. In (Ruβ and Vierke, 1998) , they describe a holonic multi-agent system to configure a VE. Their work looks at the structure of a VE and does not address the cooperative work within a VE.
SUMMARY AND CONCLUSIONS
In this paper, we have described how VEs can be modelled using the AGORA multi-agent architecture, designed for supporting cooperative work among distributed entities. The model consists of a structure of Agoras and agents. The agents represent the participants of the VE, the cooperative mechanisms and the service providers. The main advantages of this approach are that the structure of Agoras provides a homogeneous modelling environment throughout the lifecycle of the VE, traceability of the VE activities and a history of the VE. In addition to these, it is important to point out that, thanks to the versatility of agents, AGORA can play two main roles. First, it provides a flexible means of modelling the VE. Second, it can be used to provide active support to the partners of the VE. Thus, agents being computational entities, the resulting model provides an easy and efficient passage to the computational support that is required by the VE.
We have used GERAM as the framework for modelling the different phases in the lifecycle of the VE. For each phase of the lifecycle of the VE, the roles performed by the participants and the cooperative work among them are modelled using Agoras and agents. The resulting integrated model representing the complete VE can be described by the relationships among the different Agoras. The work context of the different Agoras is maintained by the ability to access agents from different
Agoras.
The details of the cooperative work and the roles and interactions among the participants need to be elaborated. Similarly, the relationships among the Agoras and the definition of the work context are subjects for future work. In our system, the work of an organisation is partly delegated over to an agent. Hence, the issues of trust, security and the legal aspects of the business also need to be addressed.
